A methodology is described to generate an isotopically pure 229 Th ion beam in the 2+ and 3+ charge states. This ion beam enables one to investigate the low-lying isomeric first excited state of 229 Th at an excitation energy of about 7.8(5) eV and a radiative lifetime of up to 10 4 seconds. The presented method allowed for a first direct identification of the decay of the thorium isomer, laying the foundations to study its decay properties as prerequisite for an optical control of this nuclear transition. High energy 229 Th ions are produced in the α decay of a radioactive 233 U source. The ions are thermalized in a buffer-gas stopping cell, extracted and subsequently an ion beam is formed. This ion beam is mass purified by a quadrupole-mass separator to generate a pure ion beam. In order to detect the isomeric decay, the ions are collected on the surface of a micro-channel plate detector, where electrons, as emitted in the internal conversion decay of the isomeric state, are observed.
Introduction
The first excited metastable state in the thorium-229 nucleus, denoted as 229m Th, exhibits a special position in the nuclear landscape, as it possesses the lowest nuclear excitation energy of all presently known ca. 176,000 nuclear excited states. While typical nuclear energies range from keV up to the MeV region, 229m Th possesses an energy of below 10 eV above the nuclear ground state 1, 2, 3 . The currently most accepted energy value for this state is 7.8(5) eV 4, 5 . This low energy value has triggered interest from different physical communities and led to the proposal of several interesting applications. Among them are a nuclear laser 6 , a highly stable qubit for quantum computing 7 and a nuclear clock 8, 9 .
The reason that 229m Th is expected to offer a broad variety of applications is based on the fact that, due to its extraordinary low energy, it is the only nuclear state that could allow for direct nuclear laser excitation using currently available laser technology. So far, however, direct nuclear laser excitation of 229m Th was prevented by insufficient knowledge of the metastable state's parameters like its precise energy and lifetime. Although the existence of a nuclear excited state of low energy in 229 Th was already conjectured in 1976 10 , all knowledge about this state could only be inferred from indirect measurements, not allowing for a precise determination of its decay parameters. This situation has changed since 2016, when the first direct detection of the 229m Th decay opened the door for a multitude of measurements aiming to pin down the excited state's parameters 11, 12 . Here, a detailed protocol is provided, which describes the individual steps required for a direct detection of 229m Th as achieved in the experiment of 2016. This direct detection provides the basis for a precise determination of the 229m Th energy and lifetime and therefore for the development of a nuclear clock. In the following the concept of a nuclear clock as the most important application for 229m Th will be discussed.
With a relative linewidth of ΔE/E~10
-20 the ground-state transition of the thorium isomer potentially qualifies as a nuclear frequency standard ('nuclear clock') 8, 9 . Due to an atomic nucleus about 5 orders of magnitude smaller compared to the atomic shell, the nuclear moments (magnetic dipole and electric quadrupole) are accordingly smaller than the ones in atoms, rendering a nuclear clock largely immune against external perturbations (compared to the present state-of-the-art atomic clocks). Therefore, a nuclear frequency standard promises a highly stable and accurate clock operation. Although the accuracy achieved in the best present atomic clocks reaches about 2.1x10 -18 13 , corresponding to a deviation of 1 second in a time period considerably longer than the age of the universe, nuclear clocks hold the potential of a further improvement which could become essential for a vast field of applications. Satellite-based navigational systems like the Global Positioning System (GPS), Global Navigation Satellite System (GLONASS) or Galileo presently operate with a positioning precision of a few meters. If this could be improved to the centimeter or even millimeter scale, a plethora of applications could be envisaged, from autonomous driving to freight or component tracking. Besides highly accurate clocks, such systems would require reliable uninterrupted operation, with longterm drift stability that secures long-resynchronization intervals. The use of nuclear clocks could turn out beneficial from this practical point of view. Further practical applications of (synchronized networks of) nuclear clocks could lie in the field of relativistic geodesy . Extensive discussion can be found in the literature on the application of a 229m Th-based nuclear clock in the quest for the detection of potential temporal variations of fundamental constants like the fine structure constant α or the strong interaction parameter (m q /Δ QCD , with m q representing the quark mass and Δ QCD the scale parameter of the strong interaction), suggested in some theories unifying gravity with other interactions 17 . The detection of a temporal variation in the ground-state transition energy of 229m Th may provide an enhanced sensitivity by about 2-5 orders of magnitude for temporal variations of the fine structure constant or the strong interaction parameter 18, 19, 20, 21, 22, 23, 24, 25, 26 . The current experimental limit for such a variation of α amounts to (dα/dt)/α=-0.7(2.1)10 -17 /yr 27 . In the following the experimental approach for the direct detection of the 229m Th ground-state decay will be described.
Evidence for the existence of the 229-thorium isomer until recently could only be inferred from indirect measurements, suggesting an excitation energy of 7.8(5) eV (equivalent to a wavelength in the vacuum ultra-violet spectral range of 160(11) nm) 4, 5 . Our experimental approach, aiming at a direct identification of the isomeric ground-state deexcitation of the 229m Th isomer, builds on a spatial separation of the isomer population in a buffer-gas stopping cell, followed by an extraction, and mass-separated transport towards a suitable detection unit to register the deexcitation products 28, 29 . Thus population and deexcitation of the isomer can be disentangled, resulting in a clean measurement environment, unaffected by prompt background contributions. Population of the isomer is achieved via the α decay from a radioactive 233 U source, where a 2% decay branch proceeds not directly to the ground state of 229 Th, but populates the isomeric first excited state instead. α-decay recoil nuclei are thermalized in an ultra-pure helium atmosphere of a buffer-gas stopping cell, before being guided by electric radiofrequency (RF) and direct current (DC) fields towards an extraction nozzle, where the emerging supersonic gas jet drags them into an adjacent vacuum chamber, housing a (segmented) radiofrequency quadrupole (RFQ) structure acting as ion guide, phase-space cooler and potentially also as linear Paul trap for bunching the extracted ions. For a detailed description of the buffer-gas stopping cell and extraction RFQ see Refs. 30, 31, 32 . Since up to that moment the extracted ion beam contains in addition to 229(m) Th also the chain of α decay daughter products, mass separation is performed using a quadrupole mass separator (QMS) in a subsequent vacuum chamber to finally generate an isotopically pure 229(m) Th beam in selectable charge states (q=1-3). A detailed description of the QMS can be found in Refs. 33, 34 . Detection of the isomeric decay was achieved by impinging the Th ions directly on the surface of a microchannel-plate detector (MCP), where electrons are liberated, accelerated towards a phosphor screen and viewed by a charge-coupled device (CCD) camera. An overview of the experimental setup is shown in Figure 1 . A detailed description is given in Ref. 35 . Figure 1 : Overview of the experimental setup. The thorium-229 isomer is populated via the 2% decay branch in the α decay of uranium-233. 229m Th ions, leaving the 233 U source due to their kinetic recoil energy, are thermalized in a buffer-gas stopping cell filled with 30 mbar helium gas. The ions are extracted from the stopping volume with the help for RF and DC fields and a low-energy ion beam is formed with the help of a radio-frequency quadrupole (RFQ). The ion beam is mass-purified with the help of a quadrupole-mass-separator (QMS) and the ions are softly implanted into the surface of a micro-channel-plate (MCP) detector combined with a phosphor screen which allows for spatially resolved detection of any occurring signals. With kind permission of Springer Research, this figure has been modified from 11 . Please click here to view a larger version of this figure.
The following protocol describes the underlying procedure to generate the 229(m) Th ion beam that enabled the first direct detection of the groundstate decay of the thorium isomer, thus laying the foundation for studying its decay properties as a prerequisite of the ultimately envisaged all-optical control of this exotic nuclear state towards its application as an ultra-precise nuclear frequency standard. For better orientation a schematic overview of the setup used for direct detection of the isomeric decay 11 is provided in Figure 2 , containing a numerical labelling of the U source was produced via molecular plating onto a titanium-sputtered Si wafer 36 . In order to achieve optimum α recoil-efficiency of the source, its thickness should not exceed 16 nm, being the stopping range of 84 keV 229 Th in uranium. 2. Connect the cable to the source mount in order to allow for a DC offset of the source. Close and seal the access flange and connect the external wiring to the 233 U source.
2. Evacuation of the vacuum chamber and bake out 1. Start evacuation of the complete vacuum system by starting the roughing vacuum pump (4) if shut down (controlled via a computerbased user interface (5)) and open the three (hand-operated) valves (6) that connect the individual parts of the differential pumping stages to the roughing pump. NOTE: Start opening the valves from chambers downstream of the gas cell with open gate valve (7) towards the turbo molecular pump of the gas cell to create a pressure gradient that prevents potential contaminations from downstream chambers to be sucked into the gas-cell chamber where highest cleanliness is demanded. 2. Once the pressures have reached a level in the sub-mbar range (read out via user interface (5)) start the turbo pumps of the gas cell (8) , the extraction radio-frequency quadrupole (RFQ) (9) and the quadrupole mass separator (QMS) (10). 3. (optional) Open the bypass valve (11) to also allow for efficient evacuation of the gas-supply tubing. 4. Continue pumping for a few (4-5) hours until reaching saturation pressure, typically in the range of low 10 -7 mbar.
5. Start the baking system (12) via the user interface (5) with an upramping (typically 20 °C -40 °C per hour) heating curve to a maximum of 130 °C. 6. Keep baking the vacuum system at 130 °C for 1-2 days until the pressure readings start to decrease. 7. Start the cooling sequence of the baking system via the user interface (5) with a downramping sequence, typically 20 °C -40 °C per hour. NOTE: Cooldown of the system typically requires 8 hours and is performed overnight. Successful preparation of the vacuum system is achieved when the final cell-pressure after cool down ranges below 5x10 -10 mbar. The pressures in the RFQ and QMS chamber will be in the 10 -9 mbar and 10 -8 mbar range, respectively. interface (5). 12. Open the valve that connects the pressure reducer to the gas tubing (16) .
NOTE: The buffer-gas stopping cell is now filled with ca. 30 mbar of He gas. In this way the RFQ and QMS pressures are raised to 10 -4 mbar and 10 -5 mbar, respectively.
13. Adjust the rotary speed of the turbo-molecular pump of the extraction-RFQ vacuum chamber (9) to 50% in order to set an ambient pressure of about 10 -2 mbar. (24) is set to continuous operational mode. 5. Apply RF frequency and amplitude to the funnel ring electrode system via a function generator (25) and linear RF amplifier (26) .
NOTE: Typical values for frequency and amplitude are 850 kHz and 220 V pp , respectively. The voltages can be controlled with a computer-based user interface (5). During funnel-RF voltage application, monitor the current of the funnel DC offset supply (21) . In case of sparks, which can occur if buffer-gas purity is insufficient, this current will start to increase. 6. Apply RF frequency (typically 880 kHz) and amplitude (typically 120-250 V pp ) to the extraction radiofrequency quadrupole (27) (extraction-RFQ) via a frequency generator (28) and two RF amplifiers (29, 30) , one for the RFQ and one for the individual bunching electrode. The voltage can be controlled with the computer-based user interface (5). 7. Apply a DC potential of -1 V to the exit electrode (31) of the extraction-RFQ via a Mesytec MHV-4 DC voltage supply (32). 8. Apply DC offset voltages to the quadrupole mass separator (33) (QMS). The offset voltage of the QMS (center electrode and Brubaker lenses) is chosen to be -2 V via customized DC offset modules (34, 35) . 9. Start the quadrupole mass separator (33) QMS by switching on the QMS function generator (36), the RF amplifier (37) and starting the QMS user-interface (38) . In the QMS user interface the mass-over-charge ratio of the selected ion species is inserted (typically 76 u/ e or 114.5 u/e, for the extraction of Th 3+ or Th 2+ , respectively). Also the QMS acceptance (typically 1 to 2 u/e) and the RF frequency (typically 825 kHz) is inserted. NOTE: The Labview program will automatically apply and control the RF amplitude and the DC potentials required for ion selection. The required RF amplitudes range from 600 to 1500 V pp and the DC potentials range from 50 V to 120 V. The DC potentials for mass separation are generated by a customized DC module (39). A feedback-loop is implemented for RF and DC voltage stabilization. 5. Probe the ion extraction and tune the QMS 1. Apply an attractive surface potential of -1000 V to the front plate of the double-plate (chevron geometry) microchannel-plate detector (41) (MCP) via a high voltage (HV)-module (42). 2. Apply a potential of +900 V to the back side of the second MCP plate via a HV-module (43). 3. Apply a potential of +5,000 V to the phosphor screen (44) placed behind the MCP detector via a HV-module (45). 4. Switch on the CCD camera (46) behind the phosphor screen and configure the exposure parameters of the CCD camera in the corresponding graphical user interface on the data acquisition PC (47). NOTE: The CCD camera is placed in a light-tight housing (48) to cover the detection from ambient light. In case that the extraction is running properly and ions are passing through the QMS a strong signal should be visible on the phosphor screen caused by the ionic impact of the extracted ions. This signal is now monitored by the CCD camera. 5. Perform a mass scan to probe the signal shape and accordingly tune the QMS to extract the desired ion species.
Note: This is an iterative procedure carried out with the help of the QMS user interface (38) . Select a desired mass-over-charge ratio (typically 114.5 u/e for 229 Th 2+ ) and the QMS resolving power (typically 1 u/e), then probe the ionic impact signal via the CCD camera. Shift the selected mass in 0.5 u/e steps until a signal is observed. As soon as a signal is observed, probe if also the Th ions on the MCP surface is achieved prior to the isomeric decay. 4. Apply an accelerating potential of typically +1,900 V to the second MCP plate for optimum electron amplification via (43). 5. Apply an accelerating potential of typically +6,000 V to the phosphor screen placed behind the MCP detector via (45).
NOTE: The actually applied voltages will depend on the MCP performance. 6. Start the acquisition sequence of CCD images and store the data on disk via the camera user-interface (47). 7. Use Matlab programs for image evaluation and post-processing.
NOTE: A description of the programs and how they are used can be found in Ref. 35 16 ) and wait until the pressure of the buffer-gas stopping cell is reduced to below 2 mbar. 4. Open the gate valve that connects the turbo pump to the buffer-gas stopping cell (7) via the user interface (5) and wait until the He is fully removed from the system. 5. Close valve (17) of the gas supply line and switch off the gas purifier (13). 6. Set the gate valve (7) to manual operation in order to hinder it from closing when the system is vented with dry nitrogen. 7. Close the three valves that connect the turbo pumps with the roughing pump (6) and power down the three turbo pumps (8,9,10). 8. Switch on the QMS pressure sensor (49). 9. Wait until the rotation speed of the turbo pumps is reduced to significantly below 100 Hz as monitored on the user interface (5). 10. Fill the dewar (51) with liquid nitrogen and open the venting valve (52) slowly. Wait several minutes until the system is completely vented with dry nitrogen. NOTE: Alternatively, dry nitrogen from a gas cylinder could be used. But in this case, care has to be taken that no overpressure would occur (e.g., by inserting an overpressure valve or rupture disk). The use of air is also an alternative but will lead to slightly longer evacuation times due to the humidity. 11. Close the venting valve (52). Therefore, the 11th electrode is set to 25 V and the last RFQ segment is raised to 44 V via the DC voltage supply (23) to accumulate ions in the local potential bucket before releasing the ion bunch by lowering the last electrode segment to 0 V within a microsecond, triggered by a customized trigger module (24). 5. Set the trigger module (24) to bunch mode. The trigger module allows an adjustment of the trigger rate and timing. Typically, 10 Hz is chosen as the trigger rate. 6. Apply the remaining voltages to the system, following steps 1.4.5 to 1.4.10.
Probe the ion extraction and tune the QMS
1. Switch off the QMS pressure sensor (49) via the pressure sensor control unit (50) in order to reduce background from ionized helium and light produced by the sensor. 2. Apply an attractive surface potential of -2,000 V to the front plate of the single anode MCP (52) via a HV-module (42). 3. Apply a potential of -100 V to the back side of the MCP. The MCP anode is set to ground. 4. Switch on the 12 V power supply module (55) for the MCP preamplifier (56).
NOTE: Single ions impinging on the MCP detector are now counted with the help of the combination of the preamplifier (56), an amplifier (57) and a constant fraction discriminator (CFD) (58). The CFD signal is send to a data acquisition (DAQ) card of the PC used for QMS control and can be monitored via the QMS user interface (38). 5. Perform a mass scan to probe the signal shape and accordingly tune the QMS to extract the desired ion species.
NOTE: This is done with the help of the QMS user Interface (38) . For this purpose, an initial and a final mass-over-charge ratio is set (e.g., 110 u/e to 120 u/e for the 229 Th 2+ mass-range), as well as the resolving power (e.g., 1 u/e) and the integration time (5 s) per scan step and the mass scan is started by pressing the scan button. In case that the extraction is running properly and ions are passing the QMS, strong signals of thorium and uranium will be visible caused by the ionic impact of the extracted ions.
7. Lifetime measurement 1. Adjust the QMS parameters to extract the Th 2+ or Th 3+ ion species for isomeric decay detection. 
Representative Results
The method described before allowed for the extraction of α decay products from a 233 U source placed inside a buffer-gas stopping cell, operated at ca. 30 mbar ultra-pure helium gas at room temperature. For the first time up to triply charged ions could be extracted from such a device with high efficiency 29 . Figure 3a displays the mass spectrum of ions extracted from the buffer-gas cell, showing three groups of 233 U α-decay products (plus accompanying contaminant adducts) in singly, doubly and triply charged ionic states. Noteworthy is the dominance of . In order to prove that this signal indeed originates from a nuclear deexcitation and not from an atomic shell process, the middle row shows the resulting camera image when using a 234 U source, where the α decay populates the neighboring isotope 230 Th, with a comparable electronic, yet different nuclear structure. As expected for 230 Th, no indication of a conversion electron signal is found in any of the cases studied. So the strong signal, displayed in Figure 3c with excellent signal-to-background ratio, is clearly correlated with the decay of 229m Th.
Additional verification measurements to support this interpretation are shown in Figure 4 . They show two measurements to give further evidence that the registered electron signals indeed originate from the decay of the nuclear isomer: in Figure 4a it is shown that the attractive surface potential of the MCP detector was varied from -100 V (favoring the occurrence of electrons from ionic impact) down to 0 V, comparing the count rates registered with the MCP for extracted 229 Th 2+ (red) and Thus, it can be unambiguously proven (together with additional arguments given in Ref.
11
) that the signal observed in Figure 4 originates from the isomeric decay of 229m Th and represents the first direct identification of the deexcitation of this elusive isomer.
Subsequently the segmented extraction-RFQ was operated as a linear Paul trap to create a bunched ion beam, thus allowing for lifetime measurements of the thorium isomer. Since our room-temperature high vacuum does not allow for sufficiently long storage times to investigate the expected radiative lifetime of up to 10 4 seconds, only a lower limit of t 1/2 > 1 minute could be derived for charged 229m Th ions, limited by the maximum achievable ion storage time in the linear Paul trap 11 . However, using the same detection strategy as applied before for the identification of the isomer decay after neutralization of the thorium ions on the surface of an MCP detector, the expected much shorter lifetime for neutral 229m Th atoms undergoing internal conversion decay provides access to lifetime information 12 . Figure 5a shows the expected shape of the decay time spectrum as simulated for an ion bunch with a pulse width of 10 μs. While the red curve indicates the ionic impact signal and the signal from an exponential decay with 7 μs half-life is represented by the gray curve with a long decay tail, the expected signal from the decay of the thorium isomer, comprised of both the ionic impact and the exponential isomeric decay, is illustrated by the blue curve. Fitting the decay tail with an exponential (corresponding to a linear fit to the logarithmic representation in Figure 6 ) finally results in a half-life of the neutral 229m Th isomer of 7(1) μs 12 . This value nicely agrees with the theoretically expected lifetime reduction by nine orders of magnitude from the ca. 10 4 seconds in case of the charged isomer due to the large conversion coefficient of α IC ~ 10 9 37 . 
Discussion
The range of recoiling α decay daughter nuclei in uranium amounts to only about 16 nm. In order to achieve a high efficiency of the source for α-recoil ions for a given source activity, it is mandatory to limit the source material thickness to this range. The α recoil extraction efficiency is strongly affected by the cleanliness of the buffer-gas cell. Contaminations of the stopping gas will lead to charge exchange or molecule formation. Therefore, the gas cell itself has to be built according to ultra-high vacuum standards, in particular to allow for a baking of the cell and avoiding any organic materials inside. The stopping gas has to be purified according to technical state-of-the-art, starting from highest-grade gas purity assisted by catalytic purification and delivery to the gas cell via an ultra-clean gas-supply line, partially surrounded by a cryogenic trap to freeze out impurities. In general, careful alignment of the central axis of the complete setup to the position of the gas cell extraction nozzle is essential for achieving a high transport and detection efficiency 29 .
Step 1.4.5 is the most critical of the protocol. For efficient ion extraction a high RF amplitude has to be applied to the funnel ring electrode. However, if the amplitude is chosen too high, sparks in the gas cell will occur. The maximum achievable RF voltage amplitude depends critically on the purity of the buffer gas. A successful application of voltage is monitored via the current of the funnel offset voltage. This current will increase in the case of sparks. If sparks have occurred, the bake-out procedure has to be repeated in order to guarantee highest ion extraction efficiency.
A further critical point is the application of the high voltages to the MCP detector (steps 1.6.2-1.6.4). Field emissions can occur on the MCP, leading to the emission of electrons which can lead to artefactual signals.
Optimum ion extraction and (cooled and mass purified) transport towards the detection unit requires careful alignment of the central optical axis. The availability of an optical alignment system (alignment laser or theodolite) is essential. The efficient ion transport through the extraction RFQ and the QMS requires a continuous stabilization of the radio-frequency amplitudes for the two opposite phases applied to each opposite pair of rods 29 . Identification of extraction or transport problems can be facilitated by an ion diagnostic realized e.g., via a multichannel-plate detector placed either consecutively at different positions along the ion path during the commissioning phase of the setup, or alternatively, e.g., under 90 o behind the extraction RFQ with a high negative surface voltage (1-2 kV) to attract all extracted ions towards the detector.
During operation typically two problems can arise. Not all voltages are correctly applied. In this case usually no ions are extracted, and one has to find the place of not correctly applied voltage. Also, impurities are present in the helium buffer-gas. In this case the extraction efficiency for triply charged thorium ions will be drastically reduced and molecule formation occurs. In the worst case, even sparks will show up when the funnel voltage is applied. The reason for insufficient gas purity is typically a leakage in the gas supply line or a not properly closed flange of the buffer-gas stopping cell.
The described method to generate a clean beam of ions containing the energetically low-lying 229m Th isomer can be applied to all comparable cases where the ion of interest can be extracted from the buffer-gas atmosphere in sizeable amounts. Cleanliness of the gas-cell and buffer gas is mandatory, thus the amount of remaining gas impurities is a limitation to the sensitivity of the method. While the employed microchannelplate detector (MCP) is based on the detection of electrons, as exploited here for the registration of low-energy conversion electrons, this case already lies at the low-energy border of the efficiency curve for MCPs 38 , while for higher energies the method would significantly gain in detection efficiency. So far, the described method has provided the only reported direct and unambiguous identification of the de-excitation of the thorium isomer. Alternatively, vacuum ultra-violet (VUV)-transparent crystals (with large bandgaps, exceeding the assumed excitation energy of the isomer) are doped with 229 Th. The goal is to place 229 Th ions in high (4 + ) charge state of crystal lattice positions, inhibit de-excitation by the large band gap and aim at an excitation of the isomer using X-rays from synchrotron light sources. Despite the elegant concept of this approach, so far no VUV fluorescence could be observed in a series of experiments reported by several groups worldwide 39, 40, 41, 42, 43 . The same holds for a class of experiments that aims to realize the nuclear excitation of the isomer via the electron shell of 229 Th, using a so-called electron-bridge transition. Here a resonant coupling between an electron shell transition and the nuclear isomer should allow for a more efficient isomer population 44, 45 . Other experiments that aim for the investigation of the isomeric properties are based on microcalorimetry 46 or the observation of the hyperfineshift in the atomic shell 47 . Very recently another method to excite the isomer in a laser-induced plasma was reported 48 and is subject to scientific discussion within the community.
The discovery of the internal conversion decay channel of the thorium isomer 11 and the determination of the corresponding half-life of neutral 229m Th (7(1) μs) 12 can be exploited in the future to realize a first all-optical excitation with a pulsed, tunable VUV laser based on already existing technology. Thus the present paradigm that this would require much better knowledge of the excitation energy and a corresponding customized laser development can be circumvented. In contrast, exploiting the knowledge of internal conversion electron emission, gating the detection of conversion electrons with the laser pulse will provide a high signal-to-background ratio, while allowing for a scan of 1 eV of excitation energy in less than 3 days
49
.Moreover, a determination of the excitation energy of the isomer, still being work in progress, can be based on the described method of generating the 229m Th beam by sending IC decay electrons into a magnetic-bottle electron spectrometer with retarding field electrode grids 50 . The same technique will also allow to determine the isomeric lifetime for different chemical environments (e.g., on large band-gap materials like CaF 2 or frozen argon) or in 229 
Th
+ as well as in the free, neutral atom.
The described method of generating an isotopically pure thorium ion beam of 3+ charge state can be used as a tool to provide thorium ions for future laser-spectroscopy experiments. In this case the ion beam can be used to load a Paul trap in a stable and efficient way. So far, the only alternative method is to produce 229 Th 3+ by laser ablation from a solid target. This, however, requires high laser intensities and a large quantity of 229 Th, which is an expensive radioactive material and leads to the contamination of used vacuum components. For this reason, the described method can be of significant advantage when it comes to nuclear laser spectroscopy experiments. A first application of this type has already been published 51 . 
